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Sap ﬂow measurements have become integral in many physiological and ecological inves-
tigations. A number of methods are used to estimate sap ﬂow rates in trees, but probably
the most popular is the thermal dissipation (TD) method because of its affordability, rel-
atively low power consumption, and ease of use. However, there have been questions
about the use of this method in ring-porous species and whether individual species and
site calibrations are needed. We made concurrent measurements of sap ﬂow rates using
TD sensors and the tissue heat balance (THB) method in two oak species (Quercus prinus
Willd. and Quercus velutina Lam.) and one pine (Pinus echinata Mill.). We also made con-
current measurements of sap ﬂow rates using both 1 and 2-cm long TD sensors in both
oak species.We found that both theTD andTHB systems tended to match well in the pine
individual, but sap ﬂow rates were underestimated by 2-cm long TD sensors in ﬁve indi-
viduals of the two ring-porous oak species. Underestimations of 20–35% occurred in Q.
prinus even when a “Clearwater” correction was applied to account for the shallowness
of the sapwood depth relative to the sensor length and ﬂow rates were underestimated by
up to 50% in Q. velutina.Two centimeter longTD sensors also underestimated ﬂow rates
compared with 1-cm long sensors in Q. prinus, but only at large ﬂow rates. When 2-cm
long sensor data in Q. prinus were scaled using the regression with 1-cm long data, daily
ﬂow rates matched well with the rates measured by theTHB system. Daily plot level tran-
spiration estimated usingTD sap ﬂow rates and scaled 1cm sensor data averaged about
15% lower than those estimated by the THB method. Therefore, these results suggest
that 1-cm long sensors are appropriate in species with shallow sapwood, however more
corrections may be necessary in ring-porous species.
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INTRODUCTION
Methods for measuring sap ﬂow in trees have led to physiological
discoveriesattheindividuallevelaswellasbetterestimatesofwater
useatthestandlevel.Attheorganismallevel,dataonsapﬂowhave
helped estimate whole tree hydraulic conductances (Domec et al.,
2010, p. 1941; Wullschleger et al., 1998, p. 1662), usage of stored
water by trees (Phillips et al.,1997; Goldstein et al.,1998; Meinzer
et al., 2004), evidence of night-time transpiration (Daley and
Phillips,2006;Mooreetal.,2008;Oishietal.,2008),hydrauliclim-
itations in tall trees (Schäfer et al., 2000; Barnard and Ryan, 2003;
Magnani et al., 2008), and patterns of water use throughout the
day and throughout the growing season (Granier, 1987; Granier
et al.,2000). Likewise,to separate the physical and biological con-
trols on water ﬂow rates in forests, it is essential to incorporate
sap ﬂow measurements into the repertoire of ecological measure-
ments in ecosystem studies (Köstner et al.,1998;Asbjornsen et al.,
2011).Sapﬂowratesmeasuredinrepresentativeindividualscanbe
scaled up to estimate stand transpiration throughout the growing
season (Goulden and Field, 1994) as well as stand carbon assim-
ilation rates (Schäfer et al., 2003, 2010). Sap ﬂow measurements
also perform well in locations that have complex terrain, variable
topography, or in constrained areas where eddy covariance is not
well suited (Wilson et al., 2001). Various methods have been put
forthtocontinuouslymeasuresapﬂowratesintreesincludingheat
application with infrared imaging (Tributsch et al., 2006; Helfter
etal.,2007),geophysicalmethods(AlHagrey,2007),andmagnetic
resonance imaging techniques (Homan et al., 2007). But, by far,
themostcommontechniquesinvolveusingheatasatracerforsap
ﬂow(Daum,1967andreviewedbySmithandAllen,1996)includ-
ing the use of heat pulse (Marshall, 1958; Swanson and Whitﬁeld,
1981) and heat ratios (Burgess et al., 1998), thermal dissipation
(TD) probes (Granier, 1987) and the tissue heat balance (THB,
Cermák et al., 1973, 2004), and stem heat balance (Sakuratani,
1981; Baker and van Bavel,1987) techniques.
Many studies employ the TD method because of its ease of use,
affordability, and predictable power consumption (Köstner et al.,
1996,1998;SmithandAllen,1996;Wullschlegeretal.,1998)when
compared with the other heat tracer techniques. The TD method
has been shown to match well with various independent meth-
ods for measuring water use in trees including values obtained
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by the Penman–Monteith equation (Granier, 1987), porometry
measurements on the leaves (Zhang et al., 1997), measurements
of above- and below-canopy evaporation (Diawara et al., 1991),
wholetreegasexchangechambers(GouldenandField,1994),and
gravimetric water loss methods (Granier et al., 1994; McCulloh
et al., 2007). However, caution needs to be taken when interpret-
ing signals from TD sensors due to possible night-time recharge
and/or transpiration (Lu et al.,2004;Oishi et al.,2008),variability
in ﬂow rates across the sensor length (Wullschleger et al., 1998;
Clearwater et al., 1999; Lu et al., 2004), or sensors being partially
locatedinnon-conductingtissue(Clearwateretal.,1999;Luetal.,
2004; Taneda and Sperry, 2008; Bush et al., 2010; Hultine et al.,
2010). The latter is most commonly encountered in ring-porous
treespecieswheretheearlywoodvesselsof themostnewlyformed
growth ring perform the majority of the transport. Clearwater
et al. (1999) developed a correction for this situation, however
it cannot be used when the proportion of non-conducting tis-
sue greatly exceeds that of the conducting tissue along the sensor
length(Bushetal.,2010).Recently,researcherswhohavecalibrated
TDsensorsinring-porousspeciesandsomediffuseporousspecies
have reported new coefﬁcients for the multiplier (i.e., 119 in the
original equation) that are twice as large (Hultine et al., 2010)t o
almost an order of magnitude larger (Taneda and Sperry, 2008),
to two orders of magnitude larger (Bush et al.,2010).
These recent calibrations of TD sensors in ring-porous species
call into question the applicability of the original calibration in
thesespeciesaswellaspreviousstudiesinring-porousspeciesthat
have used the original calibration. These laboratory calibrations
give the advantage of a controlled environment, but they involve
destructive sampling of large trees (which may not be feasible) or
the use of branches (Bush et al., 2010). Likewise, if positive pres-
sure is used in laboratory calibrations, the driving force for water
ﬂowwilldifferfromthenegativepressuresthattreesexperienceto
movewateragainstgravityandthefrictionalresistanceof thecon-
duits.Therefore,anothervalidationof TDsensorsinthetrunksof
ring-porousspeciesundernaturalconditionsisnecessary.Theuse
of the THB method to calibrate TD sensors gives the advantage
of providing an in situ relationship under natural ranges of ﬂow
rates and transpirational driving forces. This is especially impor-
tant in the oak-dominated forests of the New Jersey Pine Barrens
becauseitssandysoilsmeanthattreesgrowveryslowlyandthere-
fore have very shallow sapwood depths which are problematic to
TD sensors. The THB method has also been shown to match well
withtranspirationratesfromwillowtrees(Salixviminalis L.)mea-
sured using an open-top ventilated chamber with an infrared gas
analyzer(CiencialaandLindroth,1995)andintwoconiferspecies
[Larix sp.andPiceaabies ((L.)H.Karst.)]wheretranspirationrates
were estimated using porometer measurements of leaves (Schulze
et al., 1985). Likewise, since the THB method integrates sap ﬂow
across a radial proﬁle (Cermák et al., 2004) it was found to be
appropriate even when ﬂow occurred in one third of the radial
heater depth (Tatarinov et al., 2005), a situation that is common
in ring-porous species.
Therefore,ourobjectiveistomeasuresapﬂowratesusingboth
TD and THB sensors in the same trees and compare the results to
determine the validity of the original Granier calibration in ring-
porous oaks of the New Jersey Pine Barrens. Because the THB
method calculates sap ﬂow rates based on an energy balance of a
speciﬁed volume of wood tissue and the speciﬁc heat of water, it
requiresnocalibration(Lundbladetal.,2001).Thiscontrastswith
the TD method in which ﬂow is based on an empirical equation.
Lundblad et al. (2001) and Cermák et al. (2004) suggest that it is
appropriate to use the THB method in new calibrations of the TD
method. It is recognized that neither method can be considered
to be free from error or bias, however a cross-validation is still
valuable with THB as a base measurement because it is based on
physical properties of energy balance as well as being an in situ
method of calibration. This research is important because differ-
ent estimates of tree and stand transpiration rates (depending on
the measurement technique) will have different implications for
land and water management strategies. Speciﬁcally, comparison
of both sap ﬂow techniques in slow-growing, ring-porous species
like the oak-dominated forests of the New Jersey Atlantic Coastal
region will inform ecohydrologic studies in similar regions where
ring-porousspeciesdominateandhaveprovendifﬁculttoestimate
sap ﬂow rates accurately with the TD method.
MATERIALS AND METHODS
STUDY SITE
This study was conducted at the Rutgers University Pinelands
Research Station,located in Pemberton Township in the Pine Bar-
rensofsouthernNewJersey,USA(N39˚55 0  ,W74˚36 0  )during
the growing season of 2009 (from 15 May to 1 October) and 2010
(from 26 June to 24 August) when the majority of sensors were
functional. Mean annual temperature is 11.5˚C, with an annual
precipitation of 1123 (SE=182) mm. During 2010,the site expe-
rienced a severe drought with soil moisture contents falling to
as low as 2.6%. Droughts in this region are exacerbated by the
fact that the soil is a sandy podzol (Rhodehamel, 1998) with low
nutrient content and ﬁeld capacity. The study area is relatively ﬂat
with a mean elevation of 33m a.s.l. The dominant tree species
are Quercus prinus Willd. (chestnut oak), Quercus velutina Lam.
(black oak), and Quercus coccinia Münchh. (scarlet oak), with
scattered Pinus rigida Mill. (pitch pine), and Pinus echinata Mill.
(shortleaf pine). Less abundant oaks at the site include Quercus
stellata Wangenh. (post oak), and Quercus alba L. (white oak).
The understory is comprised of Gaylussacia baccata (Wangenh.)
K. Koch (black huckleberry) and Vaccinium spp. (Clark et al.,
2010).
SAP FLOW MEASUREMENTS
In order to compare both sap ﬂow methods, the THB method
(Cermák et al., 1973) and the TD method (Granier, 1987), trees
werechosenthatwererepresentativeofthespeciesandsizedistrib-
utionof thestandandlargeenoughtohostbothsapﬂowsystems.
Therefore, both systems were installed in four mature individuals
ofQ.prinus,twoQ.velutina,andoneP.rigida (Table 1).Azimuthal
locations and years of sensor operation are described in Table 1.
Tissueheatbalancesensorsconsistedof threeheatedelectrodes
that are 4cm long and receive between 40 and 200mA of current
and one unheated electrode. The power supplied to the system
varies in relation to the sap ﬂow rate to keep the temperature dif-
ference between the heated and reference electrodes at 1˚C (EMS
Brno; Brno, Czech Republic). THB electrodes were inserted at a
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Table 1 | Biometric data for trees receiving tissue heat balance (THB) and thermal dissipation (TD) sensors.
Species THB TD (2cm) TD (1cm) DBH (cm) Sapwood depth (cm) Height (m)
Q. prinus 2009, 2010 (S) 2009, 2010 (WNW) 16.8 1.4 13.3
Q. prinus 2009 (S) 2009, 2010 (NW) 2010 (N) 16.8 1.4 13.1
Q. prinus 2009 (SW) 2009, 2010 (NW) 2010 (ENE) 17 .7 1.5 13.4
Q. velutina 2009 (SSE) 2009 (WNW) 27 .1 2.3 15.9
Q. velutina 2010 (W) 2010 (SE) 19.5 1.6 16.9
P . echinata 2009, 2010 (N) 2009, 2010 (0–2cm; SW) 36.3 17 .3 17
2010 (2–4cm; WSW)
Years of measurement for each sensor type are also included and azimuth locations of the sensors in the trees are reported in parentheses.
height of between 1.3 and 1.5m above the ground. To install the
electrodes, some of the bark was removed and the bark/phloem
thicknessdeterminedusingagaugesuppliedwiththesystem(EMS
Brno;Brno,CzechRepublic).Next,theelectrodeswerehammered
into the trunk using an insertion tool supplied with the system
and making sure that the insulation on the electrodes covered
the phloem and bark layer. Electrodes were installed to a depth
that encompassed the entire sapwood of the Quercus individuals.
In the Pinus individual, the THB sensors were inserted ∼3.5cm
deep covering most of the sapwood depth. Reﬂective polyethyl-
ene foam covers provided by the manufacturer (EMS Brno; Brno,
Czech Republic) were then placed over the electrodes to prevent
temperatureﬂuctuationsfromsunﬂecks.Power(PinWatts)being
applied to electrodes was recorded every 30s and 30min averages
were stored in a system data logger (Model P4.2,EMS Brno;Brno,
CzechRepublic).Sapﬂowrateswerecalculatedusingthefollowing
equation:
Q =
P
cw ∗ d ∗ δT
−
Z
cw
where Q is the sap ﬂow rate in kgh−1 cm−1 stem circumference,
cw is the speciﬁc heat of water (Jkg−1 K−1), d is the circumferen-
tial distance being covered by the electrodes (cm), δT (K) is the
temperature difference between heated and unheated electrodes
and Z/Cw represents the heat loss from the system determined
under the zero ﬂow (night-time) conditions where it is assumed
that no sap is ﬂowing and therefore any heat lost from the system
is due to conduction through the wood tissue. Data from the data
logger were converted to sap ﬂow (kgh−1) using system software
(Mini32 version 4.1.5.0;EMS Brno;Brno,Czech Republic),scaled
up to the tree level by multiplying half-hourly values by the stem
circumference (minus bark and phloem) and then integrating to
yield daily values (kgday−1).
Individuals that received the THB system were also given 2-cm
long,TDsensors(Granier,1987).In2010,twoQ.prinus individu-
als and one Q. velutina were also ﬁtted with 1-cm long TD sensors
to compare sensor lengths (Table 1). Data from both the 2 and
1-cm TD sensors for the Q. velutina individual was also included
for the beginning of the 2011 growing season (May 1st to June
10th).Azimuthal locations of sensors are reported in Table 1.T h e
Pinus individual also received a sensor at a depth of 2–4cm at
the beginning of the 2010 growing season to test for radial pat-
terns in sap ﬂow (Phillips et al., 1996). TD sensors consist of a
pair of hypodermic needles each containing a copper-constantan
thermocouple. One of the sensors in the pair is also equipped
with a constantan heating wire wrapped around the needle to
which a constant power of 0.2W (0.1W for 1-cm long sensors)
was applied. After the bark and phloem were removed, both nee-
dles of the sensor pair were inserted radially into the boles of
the trees at about 1.3m above ground. The upper, heated sen-
sor was placed about 10cm above the unheated, reference sensor,
and placed in an aluminum tube with heat conductivity paste to
enhance heat transfer between the sapwood and the probes. An
aluminum bread pan was placed over each sensor pair to reduce
temperature gradients from solar radiation. The TD technique
estimates sap ﬂow rates by measuring the temperature difference
between the heated and reference sensors. Water ﬂowing past the
heated sensor dissipates some of the heat and decreases the tem-
perature difference between the sensors. A time of zero ﬂow and
maximal temperature difference acts as a “baseline” for the data
and usually occurs around predawn. Sensors were attached to a
Campbell Scientiﬁc CR3000 data logger and AM16/32A multi-
plexer (Logan, UT, USA) and data was logged every 30s with
averages stored every 30min. Raw data were converted to sap
ﬂow rates (Js;k g m −2 s−1) using Granier’s original calibration
equation:
Js = 0.119 ×
 
ΔTmax
ΔT
− 1
 1.23
where ΔTmax is the temperature difference between probes when
no water is ﬂowing and ΔT is the temperature difference when
sap ﬂow is occurring. To conﬁrm that ΔTmax values were chosen
whensapﬂowwaszero,weusedtheconstraintsdevelopedbyOishi
et al. (2008). Speciﬁcally, ΔTmax values were chosen when VPD
<0.05kPa over a 2-h period to avoid times of nocturnal transpi-
ration and ΔT values were stable over a 2-h period to avoid times
of nocturnal recharge. We also performed a correction in the oak
species to account for the fact that the sensors were longer than
the sapwood depth (Clearwater et al., 1999) as follows:
Js = 0.119 ×
⎛
⎜
⎜
⎜
⎝
ΔTmax
ΔT−
  
LS−SD
LS
 
×ΔTmax
 
SD
LS
− 1
⎞
⎟
⎟
⎟
⎠
1.23
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where SD is the sapwood depth (cm) and LS is the sensor length
(cm). Sapwood depths (reported in Table 1) for each of the Quer-
cus study individuals were estimated by coring 12 representative
Quercus individuals varying in size and species throughout the
stand and visually identifying the transition from sapwood to
heartwood as the color change from wet to dry wood. We then
developedarelationship(r2 =0.60,p <0.0001)betweenDBHand
sapwood depth as follows:
SD = 0.0832 × DBH
These Quercus individuals grow very slowly, therefore this
depth represents several growth rings. The sapwood depth of the
Pinus individual was estimated using a tree core of that individ-
ual and visually identifying the sapwood depth via a color change
between wet and dry wood.
To compare data with the THB system, sap ﬂow data from the
TD system needed to be scaled up from a per unit area basis to
the entire bole area by multiplying by the sapwood area (m2).
Data were then scaled to daily ﬂow rates (kgday−1). Likewise, to
compare both systems more broadly, plot level estimates of tran-
spiration were calculated using either the THB or TD sap ﬂow
data for all trees greater than 2cm dbh in a 3014-m2 plot area.
To begin, the dbh and species of all trees >2.5cm dbh within the
plots were recorded. Only 2009 data were included since the THB
system did not have a large enough sample size in 2010. All sen-
soredindividualswereincludedintheanalysis(notonlytreesthat
contained both systems) which yielded seven Q. prinus, nine Q.
velutina, three Q. coccinia, and one P. echinata individuals where
TDsapﬂowwasmeasuredandfourQ.prinus,oneQ.velutina,and
oneP.echinata whereTHBsapﬂowwasmeasured.Averagesof sap
ﬂow in Q. prinus and Q. velutina were used to estimate ﬂow rates
in Q. alba, Q. stellata, and Q. coccinia for the THB system. The
Clearwater correction was applied to all Quercus sp. and, in addi-
tion, the Q. prinus 2-cm TD data were rescaled with the equation
from the 1-cm data from 2010. Average sap ﬂows for each species
were multiplied by the sapwood area of each species, divided by
the plot area and scaled up to daily values to yield transpiration
values in mmday−1.
RESULTS
Daily sap ﬂow rates in Q. prinus ranged from 1.4 to 34.2kgday−1
during 2009 and from 1.0 to 14.4kgday−1 in 2010 using TD
sensors and from 1.2 to 29.2kgday−1 in 2009 and from 1.2 to
16.2kgday−1 in2010usingTHBsensors(Figure1).InQ.velutina,
daily sap ﬂow rates ranged from 1.3 to 28.2kgday−1 during 2009
and from 1.0 to 18.3kgday−1 in 2010 using TD sensors and from
2.2 to 41.6kgday−1 in 2009 using THB sensors (Figure 2). In P.
echinata, daily sap ﬂow rates ranged from <1 to 100.4kgday−1
during 2009 and from <1 to 108.1kgday−1 in 2010 using TD
sensors and from <1 to 117.9kgday−1 in 2009 and from <1t o
109.5kgday−1 in 2010 using THB sensors (Figure 3).
Two centimeter long TD sensors tended to underestimate sap
ﬂow rates in the two oak species (Q. prinus and Q. velutina)
compared with the THB system (Figures 1 and 2). In Q. pri-
nus, TD data with no Clearwater correction were between 30 and
80% lower than data from the THB system. Clearwater-corrected
FIGURE 1 | Sap ﬂow rates (kgday
−1)f o rQ. prinus derived from the
tissue heat balance (THB) system and thermal dissipation (TD) system
using 2-cm long sensors for (A) a 16.8-cm dbh individual, (B) a 16.8-cm
dbh individual, and (C) a 17.7-cm dbh individual. Open symbols denote
sap ﬂow rates derived from the original Granier equation and closed
symbols are sap ﬂow rates with the Clearwater correction applied. Circles
denote ﬂow rates measured in 2009 and triangles (A) denote ﬂow rates
measured in 2010.The dashed lines are the one to one lines for each graph.
The solid lines are the best ﬁt regressions for (A) 2009 uncorrected data
(y =0.72x −2.7 , r
2 =0.57), 2009 Clearwater-corrected data (y =1.58x −7 .9,
r
2 =0.54), 2010 uncorrected data (y =0.43x +0.48, r
2 =0.87), 2010
Clearwater-corrected data (y =0.82x +0.42, r
2 =0.86), (B) 2009
uncorrected data (y =0.18x +2.1, r
2 =0.12) and 2009 Clearwater-corrected
data (y =0.66x +0.65, r
2 =0.43), and (C) 2009 uncorrected data
(y =0.38x +0.04, r
2 =0.48) and 2009 Clearwater-corrected data
(y =0.69x −0.87 , r
2 =0.46).
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FIGURE 2 | Sap ﬂow rates (kgday
−1) derived from the tissue heat
balance (THB) system and thermal dissipation (TD) system using 2-cm
long sensors in a 27.1-cm dbh Q. velutina individual.The dashed line is
the one to one line and the solid line is the best ﬁt regression
(y =1.24×x
0.72, r
2 =0.71). Sapwood depth was calculated to be over 2cm
therefore original 2-cm length sensor data are shown.
FIGURE 3 | Sap ﬂow rates (kgday
−1) derived from the tissue heat
balance (THB) system and thermal dissipation (TD) system using 2-cm
long sensors in a 36.3-cm dbh Pinus echinata.TD ﬂow rates were
corrected for radial variation by comparing data between 0–2 and 2–4-cm
depth sensors.The closed circles denote data from 2009 and the open
circles denote data from 2010.The dashed line is the one to one line, the
dotted lines are 95% conﬁdence intervals around the best ﬁt solid line
(y =0.87x +1.57 , r
2 =0.85).
data more closely matched the THB data,but still underestimated
ﬂow rates by 20–35% (Figures 1A–C). In one Q. prinus individ-
ual, Clearwater-corrected TD ﬂow rates measured in 2009 were
higher than those measured by the THB method (Figure 1A) but
were more similar to the trends of the other Q. prinus individ-
uals in 2010. In Q. velutina, the 2-cm long TD sensors tended
to underestimate ﬂow rates compared to the THB method, with
increasing underestimation (of up to 50%) at higher ﬂow rates
(Figure2). Since this individual was calculated to have a sapwood
depth that approximately equaled the TD sensor length (Table 1),
no Clearwater correction was applied to the data.
In P. echinata,sap ﬂow rates measured by the 2- to 4-cm depth
sensorwereabout0.6timesthatof theouter0-to2-cmTDsensor.
With this radial correction applied to the data,sap ﬂow rates mea-
sured with TD sensors matched fairly well with those measured
using the THB system with the ﬁtted regression for the 2009 and
2010 data falling just slightly below the one to one line (Figure3).
Average underestimations of the TD system compared with the
THB system were about 9% (SE=0.03).
In Q. prinus, sap ﬂow rates measured with 2-cm long TD sen-
sors matched those measured with 1-cm long sensors at low ﬂow
rates but were underestimated at higher ﬂow rates (Figure 4A).
ApplyingtheClearwatercorrectiontothe2-cmsensordatacaused
a slight overestimation of the data compared with the 1-cm sen-
sor data, however data were still underestimated at the highest
sap ﬂow rates (Figure 4A). On the other hand, in Q. velutina,
1-cm TD sensors consistently underestimated sap ﬂow rates com-
pared with the 2-cm sensors with even larger differences occur-
ring when the Clearwater correction was applied to the 2-cm
sensor data (Figure 4B). Using the equation ﬁtted to the uncor-
rected Q. prinus data in Figure 4A, 2-cm TD data were rescaled
to the 1-cm sensor data and compared to trees that were also
equipped with the THB system (Figure 5). With this 1-cm sen-
sor correction, the 2-cm TD are no longer consistently under-
estimating sap ﬂow rates relative to the THB data. The one to
one line between the THB and TD data tends to fall near or
within the 95% conﬁdence intervals of the best ﬁt regression
however there is a large amount of scatter in the relationship
(Figure 5).
When plot level transpiration rates were estimated for 2009
using either the TD sap ﬂow data or the THB sap ﬂow data values
estimated from TD data tended to match values estimated from
THB at low ﬂow rates but were underestimated at higher ﬂuxes
(Figure6).Likewise,underestimationswerelargerwhentheClear-
water correction was applied than when 2-cm TD sensors were
corrected with 1cm data (Figure6). The average underestimation
of Clearwater-corrected TD data was about 24% (SE=0.02) and
about 15% (SE=0.02) when 2-cm TD sensor data were corrected
with the 1-cm sensor equation.
DISCUSSION
WefoundthatsapﬂowratesintwoQuercus sp.tendedtobeunder-
estimatedbytheTDsystemcomparedtotheTHBsystem.Thesap
ﬂowrateswefoundintheoakspeciesusingtheTHBmethodwere
between1and5kgh −1, which matched well with water absorp-
tion and heat pulse velocity rates measured in oaks (1.5–2kgh−1;
Granier et al., 1994) as well as rates measured using heat ﬁeld
deformation (2–4kgh−1; Poyatos et al., 2007). The Clearwater
correction brought values closer to those measured by the THB
system in Q. prinus, but values still averaged 20–35% lower. Two
centimeterlongTDsensorsalsounderestimatedﬂowratesrelative
to1-cmlongTDsensorsinQ.prinus,moresoathigherﬂowrates.
When 2-cm TD data were rescaled with data from the 1-cm long
sensors,sap ﬂow rates were no longer underestimated at high ﬂow
rates relative to the THB system. There is signiﬁcant scatter in the
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FIGURE 4 | Comparison of sap ﬂow rates measured with 1 and 2-cm
long thermal dissipation (TD) sensors in (A) two Q. prinus individuals
(circles – 16.8cm dbh, triangles 17.7cm dbh individual) and (B) a
19.5-cm dbh Q. velutina individual (circles – 2010 data, triangles – 2011
data). Open symbols denote sap ﬂow rates derived from the original
Granier equation and closed symbols are sap ﬂow rates with the
Clearwater correction applied to the 2-cm long sensor data.The dashed
lines are the one to one lines and the solid lines are the best ﬁts for (A)
uncorrected data (y =1.65×x
0.59, r
2 =0.63) and Clearwater-corrected data
(y =2.65×x
0.61, r
2 =0.65) and (B) uncorrected data (y =0.77x +4.7 ,
r
2 =0.34) and Clearwater-corrected data (y =1.13x +6.5, r
2 =0.34).
relationship (Figure 5), but this may be a product of the inherent
within- and between-tree variability in sap ﬂow which has been
shown to vary by about 30% around the mean in the oaks at this
site(unpublisheddata).Somevariabilitymayalsobeattributedto
the estimation of sapwood depth in the oak species. Determining
the actual conducting area in these species is difﬁcult without dye
ascents and destructive sampling (Clearwater et al., 1999; Bush
et al., 2010). Likewise, the true conducting area in ring-porous
species may be changing both diurnally and throughout the sea-
son as the large earlywood vessels cavitate and reﬁll (Taneda and
Sperry,2008;Christman et al.,2012). Therefore,one advantage of
the THB system in ring-porous species is that accurate sapwood
depths are not required as long as the estimated sapwood depth is
covered by the sensors.
FIGURE 5 | Quercus prinus daily sap ﬂow rates (kgday
−1) derived from
the tissue heat balance (THB) system compared with rates derived
from 2-cm long thermal dissipation (TD) sensors (no Clearwater
correction applied) that were scaled using data from 1-cm longTD
sensors (Figure 4).The closed circles denote data from a 17 .7-cm dbh
individual, open circles denote data from a 16.8-cm dbh individual and the
triangles denote data from a 16.8-cm dbh individual measured in 2009
(closed) and 2010 (open).The dashed line is the one to one line, the solid
line is the best ﬁt regression(y =1.15x −3.83, r
2 =0.41) to the data and the
dotted lines are the 95% conﬁdence intervals around the linear regression.
FIGURE 6 | Plot level estimates of daily transpiration (mmday
−1)f o r
2009 derived from tissue heat balance (THB) sap ﬂow data vs.
estimates derived from thermal dissipation (TD) sap ﬂow data. Closed
circles denoteTD data with the Clearwater correction applied to all Quercus
sp. and open circles denoteTD data where Q. prinus 2-cm long sensors are
corrected with 1-cm data regression (Figure 4A) and all other Quercus sp.
received the Clearwater correction.The dashed line is the one to one line,
and the solid lines are the best ﬁt regressions for the Clearwater-corrected
TD data (y =0.66x +0.13, r
2 =0.43) and the 1-cm correctedTD data
(y =0.66x +0.18, r
2 =0.44).
As long as a sufﬁcient sample sizes are measured,sap ﬂow rates
measured with 1-cm long TD sensors should yield similar results
asdatameasuredwiththeTHBsysteminQ.prinus (Figure5).On
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the other hand,in Q. velutina,the 2-cm long TD sensor measured
consistently higher ﬂow rates than 1-cm long sensor, although
in the range of ﬂow rates measured by these sensors, Q. prinus
also showed similar values between the two sensor lengths. In
a Q. velutina individual, TD sensors also measured lower ﬂow
rates than the THB system, with the underestimation increasing
at higher ﬂow rates. A 1-cm long TD sensor in Q. velutina may
measurehigherﬂowratesthana2-cmlongsensorwhenﬂuxesare
greater (20–40kgday−1) and these may match more closely with
values measured by the THB system. Unfortunately, data were
not available in this study to test this relationship. Other stud-
ies have found that heat dissipation sensors underestimate sap
ﬂow rates relative to other independent measures of ﬂow in both
ring-porous and diffuse porous angiosperm species (Montague
and Kjelgren,2006; Steppe et al.,2010). Comparing sap ﬂow rates
measured with TD sensors with gravimetric water loss in four
angiosperm species (Pyrus calleryana Decne., Quercus robur L.,
Populus deltoides Bartram ex. Marsh.,and Liquidambar styraciﬂua
L.),MontagueandKjelgren(2006)foundthatwaterlossrateswere
underestimated by about 45% by the TD method. However,3-cm
long sensors were used,and even though a correction was applied
to account for the portion of the sensor in non-conductive wood,
in these small diameter trees, the portion of conducting wood
may have been signiﬁcantly smaller than the sensor length. Like-
wise, in laboratory-measured stem segments of Fagus grandifolia
Ehrh.,Steppe et al. (2010) found that three methods that use heat
as a tracer for sap ﬂow, heat pulse velocity, the TD method, and
heat ﬁeld deformation,all underestimated sap ﬂux densities com-
paredwithgravimetricmeasurements,withTDhavingthehighest
underestimation (60%).
As has been pointed out by several other authors,not only will
TD sensors underestimate ﬂow rates if a portion of the sensor is
located in non-conducting wood but also if very high ﬂow rates
are concentrated along a fairly small portion of the sensor length
(Clearwater et al., 1999; Lu et al., 2004). We found evidence for
this in Q. prinus with 1-cm long TD sensors measuring higher
ﬂow rates than 2-cm long sensors under high ﬂow conditions. On
theotherhand,theTHBmethodisbetterabletodealwithuneven
ﬂow rates across the sensor length (Tatarinov et al., 2005), pos-
sibly because it is designed to maintain a constant temperature
in the measurement zone and adds additional energy in response
to very high ﬂow rates. This contrasts with the TD system, which
maintains a constant power output and its measurement ability
may therefore become“saturated”at very high ﬂow rates. Shorter
sensors distribute very localized ﬂow rates across a larger portion
of the sensor length and may be a good strategy to deal with small
sapwood depths in trees (Clearwater et al., 1999; Lu et al., 2004).
Another novel strategy proposed by Lu et al. (2004) to deal with
small sapwood depths involves inserting the TD probes tangen-
tially,insteadofradially,intothesapwood.However,toourknowl-
edge, this methodology has never been performed in the ﬁeld.
Although the TD system tended to underestimate ﬂows in the
Quercus sp. compared to the THB system, both systems matched
fairly well in the Pinus sp. Although we only had access to one
Pinus individual for comparison, sap ﬂow rates were underesti-
mated slightly by the TD system, but only at very large ﬂow rates.
This may be a result of the radial correction factor we used,which
wascalculatedasastep-wisedecreaseinﬂowfromtheoutersensor
to the inner sensor. However, in reality, ﬂow rates decrease non-
linearly across the radial proﬁle, being maximal just inside the
most newly formed sapwood, then decreasing to the heartwood
boundary (Ford et al., 2004). Other studies have found that sap
ﬂow rates measured with the THB system and 2-cm long TD sen-
sors with a radial correction applied matched well in two conifer
species,Scotspine(Pinussylvestris L.;Granieretal.,1996;Köstner
et al., 1996) and Norway spruce [P. abies (L.) H. Karst; Köstner
et al., 1998] and in a tropical diffuse porous species, Gliricidia
sepium [(Jacq.) Kunth ex. Walp.; Tournebize and Boistard, 1998].
However, Lundblad et al. (2001) also compared the THB system
and 2-cm long TD sensors installed at 0–2 and 2–4cm depths in
Scots pine and Norway spruce trees and found that sap ﬂow rates
measured by the TD system were up to 50% lower than the THB
system at high ﬂow rates.
Differences between sap ﬂows measured with the TD and THB
system may be due to azimuthal variation in sap ﬂow around
the circumference of trees. Although Schäfer et al. (2002) report
no signiﬁcant differences between sap ﬂow rates measured on the
northandsouthsideof Pinustaeda trees,otherstudieshavefound
azimuthaldifferencesinsapﬂowratesrangingfrom65%(Tateishi
et al., 2008) to over 100% (Tsuruta et al., 2010) within a given
individual. In our study, the THB system tended to be located on
the southern side of trees and the TD system on the western and
northernsideof trees.However,studieshavefoundthatvariability
in sap ﬂow with azimuthal position tends to be random with no
predictable pattern for the cardinal direction with the most ﬂow
(Fernández et al., 2006; Liu et al., 2008; Tsuruta et al., 2010). For
example Liu et al. (2008) measured sap ﬂow in Acacia mangium
(Willd.) in each cardinal direction (N, S, E, W) using TD sensors
and found that,in each tree,a different cardinal direction had the
greatest ﬂow rates. Loustau et al. (1998) found that sap ﬂow rates
variedwidelywithazimuthinmaritimepines(Pinuspinaster Ait.)
when measured at breast height,but showed little azimuthal vari-
ationwhenmeasuredatthebaseof thelivecrown.Boththelackof
azimuthalvariationatthebaseofthelivecrownandthefactthatno
givencardinaldirectionhasconsistentlythegreatestsapﬂowrates
suggeststhatlightenvironmentisnotdrivingthedifferencesinsap
ﬂow with azimuth (Tsuruta et al., 2010). However, several studies
suggest that differences in hydraulic properties around the trunk
largely explain the differences in sap ﬂow rates with azimuthal
location (Loustau et al., 1998; Tateishi et al., 2008; Tsuruta et al.,
2010).Thesedifferencesinhydraulicpropertiesshouldberandom
around the circumference of the trunk and therefore would not
explain why our TD sensors are consistently underestimating sap
ﬂow rates relative to the THB.
There is also some discussion in the literature about whether
the TD method should be calibrated for each individual species in
w h i c hi ti su s e d( Smith and Allen, 1996; Bush et al., 2010; Steppe
et al., 2010) or whether Granier’s original calibration is universal
(Lu et al., 2004). Individual species calibrations may be necessary
because Granier’s original empirical calibration is not based on
physical principles (Steppe et al.,2010). It has also been suggested
thatnewcalibrationsshouldbeperformedforanysystembasedon
the heat dissipation methodology that deviates from the original
heatingpowerandprobedesign(Luetal.,2004).Thisincludesthe
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use of shorter probes, however McCulloh et al. (2007) found that
variabledepth,1-cmlongprobes(Jamesetal.,2002)usedwiththe
originalGranierequationmatchedwellwithgravimetricmeasures
of waterloss.Havingdifferentcalibrationequationsforindividual
species detracts from the simplicity and ease of use of the TD sys-
tem and may limit repeatability and comparability.We found that
using shorter sensor lengths in oaks with the original calibration
equation resulted in differences in sap ﬂow of about 15% when
compared with the THB system. This degree of variation may be
tolerable for stand level estimates of water use or other broader
scale applications and is on par with the variation in other mea-
surement methods like eddy covariance (Rana and Katerji, 2000;
Wilsonetal.,2001;Orenetal.,2006).Ininstanceswheremoreﬁne-
scale sap ﬂow measurements are necessary,individual calibrations
may need to be performed.
CONCLUSION
The ability to continuously measure sap ﬂow rates in trees has
led to great advances in tree physiological research and a greater
understanding of ecological processes. Although every sap ﬂow
monitoringsystemhasitslimitations,aslongastheproperconsid-
erations are taken into account, these systems can yield valid and
valuable results. Likewise, through an adequate sampling either
withinanindividualorwithinaplot(dependingonthegoalsofthe
research),underestimationsandoverestimationsmadebyindivid-
ualsensorscanaverageouttoanappropriateestimateof wateruse
at the plot level. Our plot level comparisons were within 15% of
one another with underestimation of the TD system compared to
the THB system attributed to underestimation in the Pinus indi-
vidual (about 9%, SE=0.03) as well as underestimations of ﬂow
in the Quercus individuals. This research is especially important
in ecosystems dominated by ring-porous species (including oaks)
because the error associated with various methods of measuring
sap ﬂow is much different from ecosystems that are dominated by
conifer or diffuse porous species. Therefore, while the THB and
TD methods remain powerful tools to study water use in trees,
their applications should periodically be reviewed in species with
differingwoodtypestoensurethattheyprovidethemostaccurate
estimates of sap ﬂow both for individual studies as well as models
that use these data.
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